2002), but reduce herbage nutritive value at each harvest (Burns et al., 2002; Holden et al., 2000, Marten and Hovin, 1980) . Th e eff ect of harvest height, however, on herbage production and nutritive value is less consistent, and is likely species-dependent. Dobson et al. (1978) found that over 4 yr, lowering the clipping height of tall fescue from 10 to 5 cm increased mean annual DM yield by 22%. In contrast, Volesky and Anderson (2007) found that annual yield of irrigated orchardgrass and smooth bromegrass (Bromus inermis Leyss.) harvested over four time periods at a 7-cm RSH was less than that harvested at a 14-or 21-cm RSH. Harvest height (5, 12.5, and 20 cm) did not infl uence annual yield of reed canarygrass when cut two or three times per year, but annual yield increased as harvest height increased when cut four times per year (Geber, 2002) . Unlike yield, the eff ects of harvest height on herbage nutritive value have been relatively small (Burns et al., 2002; Geber, 2002; Volesky and Anderson, 2007) .
Tall fescue and orchardgrass comprise a signifi cant proportion of the grasses grown in pastures and hay lands within their area of adaptation (van Santen and Sleper, 1996; Sleper and West, 1996) . Compared with meadow fescue, tall fescue and orchardgrass have been the subject of considerably more research. A search of articles published in Agronomy Journal and Crop Science since their inception in 1907 and 1961, respectively , to the present listed approximately 700 studies of tall fescue and 450 studies of orchardgrass culture, physiology, breeding, endophyte association, and animal performance relationships. In contrast, meadow fescue has been the subject of only 15 investigations reported in those journals during the same period. As the subject of research eff orts, its absence in the literature is largely the result of a decline in meadow fescue use in the United States, beginning in the early 1900s. Due to its susceptibility to crown rust (Puccinia coronata Corda) and the discovery that tall fescue had superior vigor and productivity (Buckner et al., 1979) , meadow fescue has not been grown on signifi cant acreage since then.
Within the last decade, there has been a resurgence in meadow fescue utilization in temperate regions of the United States due to the release of improved cultivars from European breeding programs and research that documented benefi cial traits compared with tall fescue from a livestock perspective. Casler and co-workers (Casler et al., 1998, Casler and van Santen, 2001 ) reported that meadow fescue had superior apparent DM intake by grazing cattle compared with tall fescue, and concluded that the greatest potential utility for this grass is in managed intensive grazing systems. An additional advantage is that the nutritive value of meadow fescue is typically greater than that of most temperate grasses (Brink et al., 2007) . Information is lacking, however, on the response of meadow fescue to defoliation variables in comparison with typical pasture grasses such as tall fescue and orchardgrass. Th e objective of this study was to compare the productivity, nutritive value, and persistence of diverse meadow fescue cultivars with those of tall fescue and orchardgrass under defoliation regimes representing lax and severe hay production and rotational grazing in contrasting environments. . Th e soils at both sites had pH 6.5 to 6.8, 52 to 75 ppm P (Bray P1), and 117 to 138 ppm K. Monthly historical and actual precipitation is presented in Fig. 1 . In April 2004, seed of Azov, Bartura, and Hidden Valley meadow fescue, Barolex tall fescue, and Bronc orchardgrass were broadcast at 11.2 kg pure live seed ha −1 in 1.22-by 2.74-m plots on a prepared seedbed. Azov is a strain cross of 11 Russian or Ukranian plant introductions (PI numbers 314525, 314528, 314570, 315435, 315436, 315438, 324122, 325525, 440357, 440358 , and 502375) selected for high forage yield under managed intensive rotational grazing (Casler and van Santen, 2001) . Bartura is a commercial cultivar developed in the Netherlands by the Royal Barenbrug Group. Hidden Valley is a naturalized population of meadow fescue found on a dairy farm near Mineral Point, WI (42°51´36˝ N, 90°12´36˝ W), where it is thought to have originated sometime shortly aft er European colonization of the region in the 1850s. Plot size was dictated by the limited availability of Azov and Hidden Valley meadow fescue seed.
MATERIALS AND METHODS
Th e experimental design was a split-plot arrangement of a randomized complete block design with harvest management (four combinations of two frequencies and two RSHs) as the whole plot and grass cultivar as the subplot in four replicates. A 1-m border of 'Phoenix' turf-type tall fescue surrounded each whole plot. Plots were clipped to a 10-cm RSH and fertilized with 44.8 kg N ha −1 as NH 4 NO 3 in June and August of the seeding year.
Before grass growth began in early April 2005 and 2006, plots were clipped to a 5-cm RSH to remove winter-killed herbage. Plots were fertilized in mid-April with 67.2 kg N ha −1 as NH 4 NO 3 . Plots were harvested from May to September of each year (Table 1) at a frequency typical for either hay management (infrequent; 40-to 65-d harvest interval) or rotational grazing (frequent; when sward height reached approximately 25 cm) and at either a 5-or 10-cm RSH. Based on 10 random tillers sampled before harvest, maturity of grasses cut infrequently was R1 to R3 (Moore and Moser, 1995) at fi rst harvest, and stage V4 to V5 at the second and third harvests, while maturity of grasses cut frequently was stage V3 to V4 at all harvests. Plots retained the same treatment assignment in 2005 and 2006. Forage DM yield was determined by cutting a 50-cm swath through the center of each plot using a rotary mower equipped with a catch basket. A 600-to 800-g subsample was taken from each yield sample, dried at 65°C for 48 h, and weighed to determine DM content. Aft er the fi rst and second infrequent harvests and aft er the second and fourth frequent harvests, appropriate plots were fertilized with 67.2 kg N ha −1 as NH 4 NO 3 for an annual total of 201.6 kg N ha −1 .
Dry matter samples from each plot were ground to pass a 1-mm Wiley mill screen, and 50-g subsamples of ground forage were stored in plastic bottles. Ground samples were analyzed for N, neutral detergent fi ber (NDF), and in vitro neutral detergent fi ber digestibility (NDFD) by calibrated near-infrared refl ectance spectroscopy. Herbage N [crude protein (CP) = N × 6.25] was measured by the Dumas method (Bremner, 1996) , NDF by the method of Mertens (2002) , and NDFD by the method of Goering and Van Soest (1970) . Calibration statistics were the following: N, standard error of prediction corrected for bias [SEP(C)] = 0.47 and R 2 = 0.98; NDF, SEP(C) = 0.83 and R 2 = 0.98; NDFD, SEP(C) = 2.45 and R 2 = 0.92.
Treatment eff ects on grass persistence were measured in 2007 on 27 April at Lancaster and on 17 May at Marshfi eld using a point intercept method (Jonasson, 1983) to estimate ground cover. A 2-m tape was placed diagonally across each plot and the presence or absence of a tiller of the seeded grass was noted at 10-cm intervals. Persistence was calculated as the proportion of total points (20) intercepting a tiller of the seeded grass and was expressed as a percentage.
Data were analyzed by the Mixed Models procedure of SAS, with block considered a random eff ect, and year, location, harvest management, and grass cultivar considered fi xed eff ects. Nutritive value data were analyzed by harvest frequency (infrequent and frequent) due to the unequal number of harvests for the two treatments. Main and interaction eff ects for nutritive value were evaluated according to P values and percentage of sums of squares; eff ects were ignored if their contribution to total treatment sums of squares was relatively low (<10%). Harvest management eff ects were evaluated using orthogonal, single degree-of-freedom contrasts and grass cultivars were compared by Fisher's LSD (P ≤ 0.05).
RESULTS AND DISCUSSION

Annual Dry Matter Yield
Th e eff ect of harvest management on annual DM yield of all grass cultivars was relatively consistent despite a signifi cant (P < 0.001) year × location by harvest management interaction (Table 2) . At Lancaster and Marshfi eld in 2005 and 2006, grasses harvested infrequently (three times per year) produced greater annual DM yield than those harvested frequently (six times per year) at the same RSH, and grasses cut at a 5-cm RSH produced greater annual yield than those cut at a 10-cm RSH within either harvest frequency (Table 3) . Th e results are in general agreement with those of previous studies of the eff ects of harvest frequency (Geber, 2002; Hart et al., 1971 ) and harvest height (Dobson et al., 1978) on temperate grass yield. Th e results also corroborate the fi ndings of Parsons et al. (1988) . Using a grass growth model, these authors found that severe defoliation, coupled with a long regrowth period, analogous to the infrequent harvest/5-cm RSH treatment employed here, maximized yield over a growing season because maximum leaf area was maintained over an extended time period. Although frequent, severe defoliation (5-cm RSH) of the sward increased annual yield by an average of 1500 kg DM ha −1 compared with a 10-cm RSH (Table 3) , cattle grazing the lower portion of the canopy (5-10 cm) would be forced to consume herbage of lower nutritive value (Brink et al., 2007) .
Typical of temperate grasses, a large proportion of the annual DM yield was produced in the spring (Fales, 1986) ; 48 and 60% of the annual DM was produced at the fi rst cut at Lancaster and Marshfi eld, respectively, by grasses harvested infrequently, and 46 and 52% of the annual DM was produced at the fi rst and second cuts at Lancaster and Marshfi eld, respectively, by grasses harvested frequently (mean of 2 yr; data not shown). For grasses harvested infrequently, the remaining proportion of annual yield was evenly distributed between the second and third cuts. For grasses harvested frequently, however, individualharvest DM yield followed a production trend typical for this region, declining through the summer and increasing in the fall.
Diff erences in annual DM yield among the grass cultivars were dependent on harvest management. Th e signifi cant grass cultivar × harvest management interaction (Table 2 ) was in part due to the fact that annual DM yield of all meadow fescue cultivars was less (P ≤ 0.05) than that of tall fescue when harvested either infrequently or frequently at a 5-cm RSH, but when harvested at a 10-cm RSH, yield of Azov and Hidden Valley meadow fescue was similar to that of tall fescue (Table 4 ). For producers, these results suggest that yield diff erences between meadow fescue and tall fescue will be less when clipped or grazed according to recommended guidelines for rotational grazing (Undersander et al., 2002) . Of the meadow fescues, only Azov was productive as orchardgrass when harvested by any combination of harvest frequency and height (Table 4) .
Signifi cant cultivar × location and cultivar × year interactions for annual DM yield were also found (Table 2) . Averaged across all harvest management combinations and years, annual yield of tall fescue and orchardgrass was greater than that of all the meadow fescue cultivars at Lancaster ( Fig. 2A) in southwestern Wisconsin. At Marshfi eld in north central Wisconsin, however, yield of Azov meadow fescue was similar to that of Barolex tall fescue and Bronc orchardgrass, and yield of Hidden Valley meadow fescue was similar to that of Bronc orchardgrass. Tall fescue has its origin in Europe and North Africa (Sleper and West, 1996) , and orchardgrass has its origin in the Mediterranean region, western Europe, and Asia (van Santen and Sleper, 1996) . In contrast, meadow fescue is a major constituent of grasslands in the Nordic and Baltic countries due to its superior winter-hardiness (Fjellheim et al., 2009) . Th e comparative yield of Azov and Hidden Valley meadow fescue relative to tall fescue and orchardgrass may be attributed to preferential adaptation to the cooler climate of Marshfi eld (1420 growing degree days 10 base ) compared with Lancaster (1540 growing degree days 10 base ).
Averaged across harvest management and location, cultivar productivity also diff ered between years. With the exception of Azov meadow fescue, which produced the most annual yield, no yield diff erences were measured among the grasses in 2005. In 2006, however, mean yield of tall fescue and orchardgrass was greater than that of all meadow fescue cultivars (Fig. 2B) . Th is result suggests a possible reduction in yield potential over time for meadow fescue relative to tall fescue and orchardgrass, but longer-term studies will be required to verify and quantify this possible occurrence and to determine its cause.
Nutritive Value
For herbage CP concentration, the main eff ect of cultivar and 8 of 15 cultivar × environment (location, harvest management, year, cut) interactions for infrequent harvesting, plus the main eff ect of cultivar and 10 of 15 cultivar × environment interactions for frequent harvesting were signifi cant (P ≤ 0.05; Table 2 ). Of those eff ects, the cultivar main eff ect and the cultivar × cut interaction accounted for 73% of all the variability associated with cultivar for infrequent harvesting and 65% of all the variability associated with cultivar for frequent harvesting.
Herbage CP concentration of grasses harvested frequently was infl uenced largely by timing of N application (data not shown). Mean CP of herbage produced aft er N was applied (176, 193 , and 204 mg kg −1 for the fi rst, third, and fi ft h cut, respectively) was 40 mg kg −1 higher than herbage produced for the second, fourth, and sixth cut. Th ere were few diff erences among cultivars for CP concentration for any cut, except in the late summer and fall when tall fescue CP was 20 to 30 mg kg −1 less than that of the other grasses (data not shown). Similarly, few diff erences in herbage CP existed among cultivars harvested infrequently (mean CP of 111, 137, and 139 mg kg −1 for the fi rst, second, and third cut, respectively).
Th e main eff ect of cultivar and 7 of 15 cultivar × environment (location, harvest management, year, cut) interactions on NDF concentration of herbage harvested infrequently, plus the main eff ect of cultivar and 10 of 15 cultivar × environment interactions on NDF concentration of herbage harvested frequently were signifi cant (P ≤ 0.05; Table 2 ). Of those eff ects, the cultivar main eff ect and the cultivar × cut, cultivar × location, and cultivar × cut × location interactions accounted for 79% of all variability associated with cultivar for infrequent harvesting and 73% of all variability associated with cultivar for frequent harvesting.
As the interactions above indicate, location had a signifi cant eff ect on NDF concentration diff erences among the grasses at each cut. When harvested infrequently (Table 5) or frequently (Table 6) at Lancaster, NDF concentration of the meadow fescue cultivars was oft en less than those of tall fescue or orchardgrass. In contrast, this diff erence in NDF between meadow fescue and tall fescue or orchardgrass was less consistent at Marshfi eld. Th ese results were likely due to diff erences in growth rate among the grasses at Lancaster and Marshfi eld. Although all grasses were observed to be within a relatively narrow range of maturity at harvest, tall fescue and orchardgrass were probably more mature than meadow fescue under the warmer growing conditions at Lancaster compared with Marshfi eld (Brink and Casler, 2005, unpublished data) .
For herbage NDFD concentration, the main eff ect of cultivar and six of 15 cultivar × environment (location, harvest management, year, cut) interactions for infrequent harvesting plus the main eff ect of cultivar and 10 of 15 cultivar × environment interactions for frequent harvesting were signifi cant (P ≤ 0.05; Table 2 ). Of those eff ects, the cultivar main eff ect and the cultivar × cut interaction accounted for 76% of all the variability associated with cultivar for both infrequent and frequent harvesting.
Unlike CP and NDF concentration, large and consistent diff erences in NDFD were measured among the grass cultivars throughout the growing season at both locations in both years. At each cut, meadow fescue cultivars had greater NDFD than tall fescue or orchardgrass when harvested infrequently (Table 7) or frequently (Table 8) . Oba and Allen (1999) summarized the relationship between NDFD and dairy cow performance reported in the literature, and reported that while marginal increases in NDFD might not be linearly related to animal response, enhanced NDF digestibility of forage improves DM intake and milk yield of dairy cows. Th us, whether harvested for hay or grazed rotationally, the results suggest that this nutritive value parameter represents the greatest advantage meadow fescue has over tall fescue and orchardgrass.
Persistence
A signifi cant (P ≤ 0.05) grass cultivar × harvest management interaction was observed for persistence as measured by ground cover (Table  2) . Within every harvest management combination, however, tall fescue had the greatest ground cover of all grasses aft er 2 yr (Table 9 ). Brummer and Moore (2000) reported that tall fescue, with or without the fungal endophyte Neotyphodium coenophialum, had greater percentage stand than orchardgrass, prairie bromegrass (Bromus catharticus Vahl [syn. B. willdenowii Kunth]), reed canarygrass, and smooth bromegrass when subject to continuous stocking to maintain a RSH < 5 cm. In addition to being endophyte-free, the tall Table 6 . Neutral detergent fi ber concentration at each cut of fi ve grass cultivars harvested frequently at two Wisconsin locations (mean of two residual sward heights and 2 yr). fescue cultivar used here was selected for improved palatability and livestock acceptance (the soft -leaf trait). Even with the incorporation of this trait, tall fescue retained the productivity and persistence advantage others have observed in tall fescue compared with other temperate grasses in a variety of environments (Brummer and Moore, 2000; Coblentz et al., 2006; Denison and Perry, 1990; Hart et al., 1971 ). An important cause of the grass cultivar × harvest management interaction for ground cover was that when harvesting occurred frequently at either a 5-or 10-cm RSH, ground cover was similar for the meadow fescue cultivars and orchardgrass (Table 9) . However, when harvesting occurred infrequently at either RSH, orchardgrass ground cover was less than that of Bartura and Hidden Valley meadow fescue, suggesting that the low-light environment at the base of the plant resulting from infrequent defoliation had a more detrimental eff ect on tiller production (Nelson, 1996) in orchardgrass than in the two meadow fescue cultivars.
The effect of RSH on ground cover was generally consistent with those of previous reports when defoliation occurred infrequently (Volesky and Anderson; or frequently (Carlassare and Karsten, 2003) . When harvested infrequently, ground cover of all grasses was reduced by lowering RSH from 10 to 5 cm ( Table 9 ). The stem bases of these grasses serves as a temporary storage of carbohydrates, which contributes to growth of new leaves following defoliation (Nelson, 1996) . Defoliation at the lower RSH not only removed additional leaf area, but also likely reduced the quantity of carbohydrates available for growth and survival of the plant. With the exception of Hidden Valley meadow fescue, ground cover was not affected by RSH when harvest occurred frequently (Table 9) . A possible explanation for this result is that during the two decades in which Hidden Valley meadow fescue was grown on the southwestern Wisconsin farm on which it was collected, the grazing pressure imposed by the producer resulted in an ecotype not adapted to a lower RSH.
Th e eff ect of harvest frequency on ground cover of each grass was dependent on RSH. Harvesting infrequently at a 5-cm RSH reduced ground cover of all cultivars compared with frequent harvesting at a 5-cm RSH (Table 9 ) due likely to the inhibition of tiller production by shading at the stem base (Nelson, 1996) . When cut at a 10-cm RSH, however, infrequent harvesting reduced (P ≤ 0.05) ground cover of tall fescue and orchardgrass but not that of any meadow fescue cultivar. Langer et al. (1964) reported similar results for tiller density of 'Aberystwyth S215' meadow fescue when defoliated either three or seven times during the growing season.
The grass cultivar × location interaction for ground cover was significant (P ≤ 0.05; Table 2 ) due primarily to a difference in survival of two meadow fescue cultivars. Ground cover was similar at Lancaster and Marshfield for tall fescue (92 and 94%, respectively), orchardgrass (78 and 70%, respectively), and Azov meadow fescue (73 and 70%, respectively). In contrast, Hidden Valley and Bartura meadow fescue had greater survival at Lancaster (86 and 85%, respectively) than at Marshfield (77 and 76%, respectively), indicating that possibly due to their genetic background, these two cultivars are better adapted to the more moderate climate at Lancaster.
CONCLUSIONS
Previous studies reported the potential value of meadow fescue in rotational grazing systems due to its preference by livestock over other temperate grasses (Casler et al., 1998) . Our results indicate that, while meadow fescue cultivars of diverse genetic background respond to defoliation frequency and height in a manner similar to tall fescue and orchardgrass, differences in annual productivity and persistence among the grasses were relatively small when managed according to recommended grazing guidelines for frequency (25-30 cm sward height) and RSH (10 cm). The major agronomic advantage that meadow fescue has over tall fescue and orchardgrass that favors its inclusion in pasturebased livestock systems is its superior fiber digestibility, an aspect of nutritive value that is positively associated with livestock intake and performance (Oba and Allen, 1999) . Unlike nutritive value parameters that were more subject to the influence of management and location (CP and NDF), meadow fescue had superior NDFD under all harvest frequency and height combinations, and in all environments. From a producer's perspective, persistence is also a crucial factor differentiating perennial grass performance. While persistence of meadow fescue was usually less than that of tall fescue, it was equivalent or superior to that of orchardgrass. Differences in persistence among the cultivars tested suggest that genetic improvement of persistence should be possible in meadow fescue.
